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Mode Passing Through Instability Point
Has Faster-Than-Exponential Growth

* In experiment mode grows faster than exponential

 Theory of ideal growth in response to slow heating
(Callen, Hegna, Rice, Strait, and Turnbull, Phys. Plasmas 6, 2963 (1999)):

Heat slowly through criticalb: b =b_ (1+0g,1)

deal MHD: W’ =-Gin(b/b.-1D) > g(t) = Guuo~/it

Perturbation growth:

dx
— =g(t)X » x =x,exp[(t/t)**], t =(3/2)*°G,5n0: "

ot
As gMHD ® O, O ® 0

mode does not grow because it is exactly at marginal point




DIlI-D SHOT #87009 Observes a Mode on Hybrid
Time Scale As Predicted By Analytic Theory

» High-b disruption slow heating « Growth is slower than ideal, but
faster than resistive

tl =10 I.ls'; .'r-l HD = Sus f
10k (deal time scalke)! (GATO) /
g i T =9 e
% F OMimovd TaHD
g Il 2Hsmlllw o5 ; (best fit)
= - Tp=10ms
L 2 (res.fimescale) |
- o L3 - N BE e e SEasssEsRsEEaRS
m! [ J G. ..’ .~I | SEPTRETTE DS TR S i N TR S ;ﬂ]
1681 16815 1682 16825 1653

Ouboard Inboard
sxie sde

> : @ 000
0 -y | M L " | 1 i 00 0.01 X Oo ! s i ':b]
13 14 15 16 17 13 180 0 0 90 180

TIIIE (ﬂ’ Polodal Angle (degees)

@len et.al, Phys. Plasmas 6, 2963 (1999)




Initial Simulations Performed
Using Fixed Boundary

e Equilibrium reconstruction
from experimental data

* Negative central shear

» Gridding based on equilibrium
flux surfaces

— Packed at rational surfaces
— Bi-cubic finite elements
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Fixed Boundary Simulations
Require Going to Higher Beta

« Conducting wall raises ideal stability limit

— Need to run near ritical b for ideal instability NIMROD gives
slightly larger ideal growth rate than GATO

 NIMROD finds resistive interchange mode below ideal stability
boundary
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Nonlinear Simulations Find Faster-Than-
Exponential Growth As Predicted By Theory

* Initial condition: equilibrium
below ideal marginal by Log of magnetic energy in n =1 mode vs. time
« Use resistive MHD S =10° Pr=200g,=10°sec™

* Impose heating source
proportional to equilibrium
pressure profile
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Scaling With Heating Rate
Gives Good Agreement With Theory

« NIMROD simulations also Log of magnetic energy vs. (t - ty)3?

display super-exponential for 2 different heating rates
growth
e Simulation results with x~exp[(t-t ytP*'% t-g 072q 0%
different heating rates are well S AR AN EARAS RARAS AAARE PURR
fit by x ~ exp[(t-ty)/t] 32 [ /
- Time constant scales as " 4710['p Ve i
-0.72 S : / A
gMHD gH 3¢ 10 ;
) %E 8 | / /
« Compare with theory: : /
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= (3127 620" N / d
» Discrepancy possibly due to i j( ]
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Free-Boundary Simulations
Based on EFIT Reconstruction

* Pressure raised 8.7% above
“best fit” EFIT

 Boundary of computational
domain is vacuum vessel, NOT
the limiter.

» Uses Fourier version of actual
conducting wall (based on
representation from M.
Chance’s VACUUM code)

« Works well for B,=0 boundary
conditions

* V=0 boundary conditions OK
because this allows flux from
limiter, like experiment.
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Initial Simulations Above Ideal
Marginal Stability Point Look Promising

M:agnetic Field Puncture Plot Density
e Simulation includes: ) |
- n : O, 1, 2 0.5; 0.5
— Anisotropic heat conduction  |.f v
—108 :
Kpar/Kperp,=10
 |deal modes grow with finite £ sz
reSiStIVity (S = 105) -1'50.-5”"1””1!5””?'”2’5' >1'50.5"”1””1.5””2””2.5'
., Electron Temperature 315 9 ns T, (keV)
« Because magnetic field A .
becomes stochastic, heat lost ;
to wall preferentially at divertor |, L
by paral|e| heat Conductlon _0_5§_ 1.5-Total Internal Energy (MJ)
1 N 22 10
* Disruption is very different ZZ
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from conventional wisdom of tme (e
plasma hitting the wall.
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Is Heat Flux at Wall Too High?

e Time for crash ~ 200 nsec.
e Energy lost: 1 MJ
e Power ~5 GW

 Assuming area of wall ~50 mZ
Average wall load = 100 MW/m? 11

* ITER design: Primary wall max. = 0.5 MW/m?
Port limiter max. = 8.0 MW/m?2

P Might need model for radiation heat losses
Beginning collaboration with D. Whyte, UW-Madison




Conclusions

* Fixed-boundary simulations
— Heating through b limit

— Super-exponential growth, in agreement with experiment
and theory

* Free-boundary simulations
— Initial low S results look promising:

e Can simulate non-axisymmetric modes through loss of
internal energy due to anisotropic heat conduction.

» Loss of internal energy is due to rapid stochastization
of the field, and not a violent shift of the plasma into the
wall.



Future Work

Future work will investigate:

e Heating the plasma through the marginal point
 Simple models of radiative heat loss

e Higher Lundquist values

* More toroidal mode numbers

» Better diagnostics for detailed comparisons with
experiments

 More recent simulations of disruption mitigation experiments

Free boundary simulatins provide new opportunities for MHD
simulations to contribute to understanding of edge physics.




